irrespective of therapy [2] . The evidence thus indicates an urgent need to identify patients with the disease at an earlier stage, and to develop new forms of treatment, which could be used alone or in conjunction with conventional therapy.
The pathological features of CFA are well described (see review [3] ) and comprise infiltration of inflammatory cells together with deposition of collagen. These changes result in interstitial thickening and loss of alveolar architecture, leading to reduced lung volume and impaired gas exchange. Fibroblast proliferation at sites of injury also contributes to collagen accumulation.
Role of cytokines
Over the last decade, considerable evidence has emerged suggesting that important stimuli to collagen deposition in pulmonary fibrosis are polypeptide mediators known as cytokines [4] . Released by resident lung cells and recruited inflammatory cells, cytokines are thought to stimulate fibroblast proliferation and increased synthesis of extracellular matrix proteins, including collagen.
An early feature in the pathogenesis of CFA is alveolar epithelial and/or capillary cell injury. This promotes recruitment into the lung of circulating immune cells, such as monocytes, neutrophils, lymphocytes and eosinophils. These effector cells, together with resident lung cells, such as macrophages, alveolar epithelial and endothelial cells, then release cytokines, which stimulate target cells, typi- Increased collagen deposition is central to the pathology and interest over the last decade has focused on the role of cytokines in this process. These polypeptide mediators are believed to be released from both circulating inflammatory and resident lung cells in response to endothelial and epithelial injury. Key cytokines currently implicated in the fibrotic process are transforming growth factor-β, tumour necrosis factor-α and endothelin-1.
This article outlines the evidence implicating these mediators in the pathogenesis of pulmonary fibrosis and also considers the possible role of cytokines with antifibrotic effects, such as interferon-γ. The "balance" of positively and negatively regulating cytokines is discussed, and the potential for interaction with other factors including viruses, hormones and altered antioxidant status is also considered.
Finally, potential novel therapeutic approaches are discussed, together with suggestions for future studies and clinical trials. As the outcomes of different avenues of research over the last ten years are brought together, it is clear that there is now a hitherto unrivalled opportunity to begin to tackle the treatment of this devastating disease. Eur Respir J 1998; 11: 1218 -1221 cally fibroblasts, to replicate and synthesize increased amounts of collagen. Breakdown of extracellular matrix protein may also be inhibited, thereby contributing to the fibrotic process.
Numerous cytokines have been implicated in the pathogenesis of lung fibrosis, including transforming growth factor-β (TGF-β), tumour necrosis factor-α (TNF-α), platelet-derived growth factor (PDGF), insulin-like growth factor-1 (IGF-1), endothelin-1 (ET-1) and the interleukins, (IL)-1 and IL-8 [5] . Chemokine leukocyte chemoattractants, including the factor regulated upon activation in normal T-cells, expressed and secreted (RANTES), are also thought to play an important role [6] . This has led to speculation that anticytokine therapeutic strategies, designed to inhibit cytokine production or function, will represent a new and effective treatment for CFA. Before considering whether such treatment may have a role to play in the future, it is necessary to review the evidence implicating cytokines in the fibrotic process. Current data are most convincing for TGF-β, TNF-α and ET-1.
The TGF-β family of proteins has the most potent stimulatory effect on extracellular matrix deposition of any cytokines so far examined. In vitro studies show that TGF-β 1 , secreted as a latent precursor, promotes fibroblast procollagen gene expression and protein synthesis. The data suggest that the other mammalian isoforms, TGF-β 2 and TGF-β 3 , also stimulate human lung fibroblast collagen synthesis and reduce breakdown in vitro [7] . In animal models of pulmonary fibrosis, enhanced TGF-β 1 gene expression is temporally and spatially related to increased collagen gene expression and protein deposition [8] . TGF-β 1 antibodies reduce collagen deposition in murine bleomycininduced lung fibrosis [9] , and human fibrotic lung tissue shows enhanced TGF-β 1 gene and protein expression [10] .
TNF-α can stimulate fibroblast replication and collagen synthesis in vitro, and pulmonary TNF-α gene expression rises after administration of bleomycin in mice [11] . Soluble TNF-α receptors reduce lung fibrosis in murine models [12] , and pulmonary overexpression of TNF-α in transgenic mice is characterized by lung fibrosis [13] . In patients with CFA or asbestosis, bronchoalveolar lavage fluid-derived macrophages release increased amounts of TNF-α compared with controls [14] .
ET-1 also fulfils the criteria for a profibrotic cytokine. This molecule promotes fibroblast proliferation and chemotaxis [15] and stimulates procollagen production [16] . It is present in the lungs of patients with pulmonary fibrosis [17] , and a recent report suggests that the ET-1 receptor antagonist, bosentan, ameliorates lung fibrosis when administered to experimental animals [18] .
Taken together, these data suggest that anticytokine therapeutic approaches may be of value in treating patients with CFA. However, other aspects may have to be taken into consideration. First, not all cytokines appear to be profibrotic. In particular, evidence from animal and human studies suggests that interferon-γ (IFN-γ) may have antifibrotic effects. IFN-γ inhibits fibroblast collagen synthesis in vitro [19] and attenuates bleomycin-induced lung fibrosis when administered to mice [20] . Diminished IFN-γ reported in patients with CFA could, therefore, enhance collagen accumulation [21] . Figure 1 suggests how a "balance" of positively and negatively regulating cytokines might modulate the fibrotic response to injury. Secondly, it is clear that cytokines can interact in vivo to produce different effects from those observed in vitro, and that the target cell phenotype can modulate the res-ponse to a variety of mediators. Genetic factors and the stage of disease may, therefore, prove to be a crucial element in determining whether cytokine-modifying therapy is effective in individual patients.
Thirdly, redundancy of cytokine action may prove to be an important feature in the pathogenesis of CFA, such that if the action of one particular profibrotic mediator is inhibited, that of another is automatically upregulated to take its place.
Fourthly, cytokines are not the only factors thought to be capable of initiating or modulating the fibrotic response to injury. Recent interest has focused on blood-derived proteins, including thrombin [22] ; however, a variety of physical, chemical and hormonal agents, probably interacting with cytokines, are also recognized to modulate collagen synthesis [4] . Altered antioxidant status, with pulmonary glutathione deficiency, has also been proposed as a factor influencing the degree of lung injury and subsequent fibrosis in CFA, leading to studies of antioxidant therapy in the bleomycin model [23] and in patients [24] . A viral aetiology for CFA has also been proposed, one particular candidate being the Epstein-Barr virus (EBV). Raised serum antibodies to EBV and immunoglobulin A (IgA) against viral capsid antigen have been documented in 13 patients with CFA [25] , whilst EGAN et al. [26] identified antigen specific for replicating EBV in alveolar type II cells in lung biopsies from patients with CFA. A recent study, however, failed to demonstrate either EBV ribonucleic acid (RNA) or EBV deoxyribonucleic acid (DNA) in
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Cytokines promoting collagen production Cytokines inibiting collagen production > lung tissue from patients with CFA or fibrosing alveolitis associated with systemic sclerosis [27] . This area therefore remains controversial.
Fifthly, various cytokines may, in addition to direct effects on collagen metabolism, promote further pulmonary inflammation by upregulating expression of adhesion molecules and thereby recruitment of leukocytes [28] . In this context, it is interesting to note that administration of monoclonal antibodies to leukocyte integrins prevents lung collagen deposition in the bleomycin mouse model, even when administration is given at a late stage when collagen deposition is almost complete [29] .
Finally, other factors besides IFN-γ may serve to protect the normal lung against fibrosis. One example is that of prostaglandin E 2 (PGE 2 ). Recent data from our laboratory show that PGE 2 plays a key role in mediating the antiproliferative effects of TGF-β on human lung fibroblasts [30] . Other groups have previously suggested that fibroblasts from patients with pulmonary fibrosis have an impaired capacity to synthesize PGE 2 [31, 32] . In the presence of increased TGFβ 1 levels in the lung, PGE 2 deficiency could thus lead to increased fibroblast proliferation and thereby enhance the fibrotic response.
Implications for new treatments
It is clear that novel strategies are required in the treatment of pulmonary fibrosis. Specific anticytokine therapies will require evaluation, used either singly or in combination. Anticytokine strategies will also need to be evaluated alone or together with conventional treatment, such as immunosuppressant agents. Agents could potentially be developed which inhibit the effects of several cytokines together, for example using transcription inhibitors. New classes of agents, such as the pyridinyl-imidazole compounds, which inhibit both IL-1 and TNF-α release from stimulated human monocytes [33] , may have therapeutic potential. Figure 2 illustrates the different strategies which might be employed to inhibit the effects of profibrotic cytokines.
Agents which lead to upregulation of negatively acting cytokines, such as IFN-γ, may also have therapeutic potential and should be investigated. Therapeutic strategies to enhance PGE 2 activity could also prove to be of value. Ultimately, a combination of agents acting via different mechanisms, used in combination either concurrently or sequentially, may be necessary. Now is an attractive and, indeed, essential time to evaluate cytokine-based strategies in pulmonary fibrosis. The agents are now becoming available and the hypotheses put forward by basic science research need to be tested clinically. Somewhat disappointing results with antiTNF therapy in patients with acute lung injury should not necessarily deter investigators. Further research may, for example, lead to identification of subgroups of patients who are "high cytokine producers" and, therefore respond optimally to such treatments.
However, it is clear that further studies will be needed on other factors influencing the progression of disease. These should ideally include genetic studies as well as investigation into the mechanisms by which local lung environments influence cytokine action. Furthermore, new antifibrotic agents, such as pentoxifylline, a xanthine which indirectly inhibits TNF-α synthesis, probably by inhibiting phosphodiesterase activity [34] , and halofuginone, a specific, reversible inhibitor of type I collagen synthesis [35] , are appearing as rivals in the therapeutic arena.
If new therapeutic strategies are to be evaluated effectively, there will be a need to assess markers of disease before, during and after completion of therapy. At present, these seem likely to include lung function testing, bronchoalveolar lavage levels of cytokines and procollagen peptides, high-resolution computed tomography (CT) scanning and measurement of lung epithelial permeability using diethylenetriamine penta-acetate (DTPA) scanning. The development of precise, safe and noninvasive assessments will be crucial to the success of such studies.
Finally, there is a need for increased clinical awareness of CFA and further epidemiological studies alongside basic laboratory studies. This will enable patients to be identified earlier in the course of the disease, when treatment is most likely to be effective, and to learn more about its natural course. Of particular interest may be patients with coexistent rheumatological and lung disease, or inflammatory bowel and lung disease. A significant proportion of these patients have a subclinical alveolitis. Studies in these patients may provide clues as to the factors determining progression or resolution, and the rates of recovery or decline.
In conclusion, over the last 10 yrs there have been great gains in our understanding of the mechanisms regulating collagen synthesis and degradation, including the role played by cytokines. The nature of cytokine genes, mechanisms of cytokine activation and their receptors is being unravelled, suggesting new therapeutic targets. Further epidemiological, genetic and laboratory studies are required to clarify the mechanisms responsible for initiating the fibrotic process. Current treatment is unsatisfactory and cytokine-modulating therapy could be an essential tool in treatment, perhaps in conjunction with other treatments. Understanding the balance of cytokines in health and disease will be crucial for the success of such therapy. However, other factors besides cytokines probably modulate the fibrotic process, and treatment directed at modifying the activity of these factors may also prove to be important. While the trials of cytokine-based therapy and other new antifibrotic agents are awaited, the role of cytokines remains in the balance. The next decade has the potential to be an exciting one in this field.
